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XHRT1 is a member of the HRT/Hey protein subfamily that are known as Notch effectors. XHRT1 is expressed in the developing floor
plate and encodes a basic helix-loop-helix (bHLH) transcription repressor. Here, we show that XHRT1 misexpression in the neural plate
inhibits differentiation of neural precursor cells and thus may be important for floor plate cells to prevent them from adopting a neuronal fate.
Deletion analysis indicated that inhibition of differentiation by XHRT1 requires the DNA-binding bHLH motif and either the Orange domain
or the C-terminal region. XHRT1 could efficiently homodimerize and heterodimerize with hairy proteins. Among those hairy genes,
Xhairy2b shows extensive overlap of expression with XHRT1 in floor plate precursors and may be a biologically relevant XHRT1 partner.
Dimerization is mediated through both the bHLH and downstream sequences, the Orange domain being particularly important for the
efficiency of the interaction. Using chimeric constructs between XHRT1 and the ESR9 bHLH-O protein that does not interact with Xhairy1
and Xhairy2b, we found that both the bHLH domain and downstream sequences of XHRT1 were required for heterodimerization with
Xhairy2b, while only the XHRT1 sequences downstream of the Orange domain are required for the interaction with Xhairy1. Together, these
results suggest that XHRT1 plays a role in floor plate cell development and highlight the importance of the Orange and downstream
sequences in dimerization and in the selection of the bHLH partners.
D 2004 Elsevier Inc. All rights reserved.
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The basic helix–loop-helix (bHLH) family of transcrip-
tion factors plays important roles in cell fate specification,
differentiation and morphogenesis in many developmental0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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E-mail address: ebellefr@ulb.ac.be (E.J. Bellefroid).processes. In the central nervous system, many evolutio-
narily conserved bHLH genes have been identified that
regulate the expansion of neural precursor cells, neuro-
genesis and gliogenesis (Massari and Murre, 2000). In
Xenopus, bHLH genes such as X-Ngnr-1 encode transcrip-
tional activators that promote the acquisition of the neuronal
fate by activating downstream target genes, whereas others,
such as ESR1, which are activated in response to Notch
signaling, inhibit neuronal differentiation (Ma et al., 1996;
Schneider et al., 2001). The balance of activity between276 (2004) 47–63
V. Taelman et al. / Developmental Biology 276 (2004) 47–6348these positive and negative bHLH factors is thought to
determine the timing and differentiation status of neural
progenitors (Ross et al., 2003).
The first bHLH repressors identified were the Drosophila
hairy and Enhancer-of-split proteins. Subsequently, many
vertebrate homologues have been identified named Hes, her
and ESR genes in mammals, zebrafish and Xenopus,
respectively (Davis and Turner, 2001). These proteins share
another common structure known as the Orange domain
located just C-terminal to the bHLH domain and are
therefore called bHLH-Orange or bHLH-O proteins. Based
on their primary structure, members of the bHLH-O family
are subdivided into four distinct subfamilies, Hairy, E(spl),
HRT ( also named Hey, HERP, Hesr, CHF, and in the case
of HRT2, Gridlock) and Stra13 (Chin et al., 2000; Iso et al.,
2001a,b; Kokubo et al., 1999; Leimeister et al., 1999;
Nakagawa et al., 1999; Zhong et al., 2000). Members of
these gene subfamilies encode repressors that inhibit target
gene expression by acting as direct or indirect DNA-
binding-dependent transcriptional repressors or by seques-
tering positive bHLH factors or their common heterodimer
partners (Chin et al., 2000; Giagtzoglou et al., 2003; Sun
et al., 2001).
Like other bHLH proteins, bHLH-O proteins have a
region of basic amino acids immediately N-terminal to the
HLH domain that mediates DNA-binding and are known to
form homodimers or heterodimers via their HLH domain
(Davis and Turner, 2001). The role of the Orange domain is
not well understood. It may confer specificity of function to
different family members (Dawson et al., 1995) or play a
role in transcriptional repression (Castella et al., 2000), but
the molecular basis of these observation remains unknown.
In chicken, it has been also reported to enhance dimerization
between HRT1 and c-hairy1 in two-hybrid interaction
assays. However, it is not clear whether this enhanced
interaction reflects a role of the Orange domain in
dimerization or whether it arises from an indirect effect of
the Orange domain such as on protein stabilization (Davis
and Turner, 2001; Leimeister et al., 2000).
An additional characteristic structure of Hairy and E(spl)
subfamilies of bHLH-O proteins is the presence of a C-
terminal WRPW motif that binds the transcriptional
corepressor Groucho and its mammalian homologues, the
TLE proteins (Chen and Courey, 2000; Paroush et al.,
1994). This motif is however not always required for
repression (Dawson et al., 1995; Takke and Campos-Ortega,
1999). Functional dissection of the HES proteins has
revealed other regions that are important for repression. In
E(spl) in Drosophila, both the Orange and the region
between the Orange and the WRPW motif appear to be
important, as deletion mutants that lack one of these
domains were either non-functional or had dominant-
negative effects (Giebel and Campos-Ortega, 1997). In
zebrafish Her4, the Orange domain-WRPW interval has also
been shown to be essential for its ability to block neuro-
genesis (Takke and Campos-Ortega, 1999).Proteins in the HRT family do not contain a WRPW
motif but do contain a related sequence (YXXW) near their
C-terminus, that is, however, not able to recruit the
corepressor TLE/Groucho (Iso et al., 2001b). Compared to
HES, HRT proteins appear to use other molecular pathways
to repress gene expression. Interestingly, the repression
domain of HRT2 has been mapped to the bHLH domain that
allows the recruitment of the mSin3A and SIRT2 complexes
containing histone deacetylase activity (Iso et al., 2001a,b,
2003; Takata and Ishikawa, 2003). However, it is not known
whether all Hey members use the bHLH domain for
repression, as demonstrated for Hey2.
HRT1 (also named Hey1/HERP2/Hesr-1/CHF2) is
expressed during mouse embryonic development in
restricted domains in numerous tissues including the brain,
nasal placodes, somites, kidneys, heart and pharyngeal
arches. Within the developing central nervous system, high
levels of HRT1 expression are detected in the neural tube
floor plate and in neural precursor cells within the
ventricular zone of the brain (Leimeister et al., 1999;
Nakagawa et al., 1999; Sakamoto et al., 2003). Within the
embryo and in cultured cells, HRT1 transcription is
regulated in response to modulation of Notch signaling
(Iso et al., 2001a; Leimeister et al., 2000; Nakagawa et al.,
2000; Taylor et al., 2002; Rones et al., 2002). In yeast two
hybrid and pull-down assays, HRT1 forms homodimers and
heterodimers with chicken c-hairy1 and HAND transcrip-
tion factors (Firulli et al., 2000; Leimeister et al., 2000). It
can also bind to and form inactive heterodimers with MyoD
and the aryl hydrocarbon receptor nuclear translocator
(ARNT) (Chin et al., 2000; Sun et al., 2001). The function
of HRT1 has been investigated in cell cultures; over-
expression of Hey1 inhibits myogenesis in C2C12 cells,
regulates capillarity-like network formation in endothelial
cells and modulates proliferation and apoptosis in smooth
muscle cell lines (Henderson et al., 2001; Sun et al., 2001;
Wang et al., 2003). In the mouse embryo, HRT1 mis-
expression in the brain transiently increases the number of
neural precursor cells and thereby promotes the generation
of later born astroglial cells (Sakamoto et al., 2003).
Recently, a HRT1 knockout has been generated that has
no apparent phenotypic defect. However, the combined loss
of HRT1 and HRT2, but not the targeted disruption of HRT2
alone, results in embryonic death at day 9.5 due to vascular
defects and massive hemorrhage, indicating that HRT1
plays an essential role in cardiovascular development
(Fisher et al., 2004).
We and others have recently isolated the Xenopus
homologue of HRT1 (Pichon et al., 2002; Rones et al.,
2002). By in situ hybridization, expression of XHRT1 (also
designated XHey-1) is first detectable at the late gastrula
stage and transcription then occurs throughout embryo-
genesis. In late gastrula and early neurula embryos, XHRT1
expression is restricted to the floor plate and hypochord
precursor cells. At later stages, XHRT1 transcripts are
detected in the floor plate of the neural tube as well as in
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anterior presomitic mesoderm, dorsal hindbrain, telencepha-
lon and eye vesicles, olfactory placodes, pronephros,
branchial arches and tail fin. Within the neural tissue and
in the somitic and pronephric mesoderm, XHRT1 expres-
sion, like that of its human and mouse homologues, is
responsive to both activation and suppression of Notch
signaling.
In contrast to the rest of the neural tube, floor plate spinal
cord cells do not contribute to neurogenesis (Ericson et al.,
1997; Placzek et al., 2000). In chicken, it has been shown
recently that the Notch1 and 2 receptors are expressed in
floor plate cells and that inhibition of Notch signaling in the
floor plate region with dominant-negative, truncated forms
of either Delta1 or Serrate1 causes a loss of floor plate cells
and an increase of neurons, suggesting that floor plate cells
have a competence for neuronal differentiation and that
Notch signaling is required to prevent them from adopting a
neuronal fate (Le Roux et al., 2003). However, the down-
stream components of the Notch pathway and the mecha-
nisms that are responsible for this inhibitory process
regulating neurogenesis in the vertebrate floor plate have
not yet been studied.
Here, we investigated the effects of XHRT1 misexpres-
sion in the neural plate and found that differentiation of
neural precursor cells was inhibited. XHRT1 mediates this
effect by acting as a DNA binding transcriptional repressor.
Inhibition of neurogenesis by XHRT1 requires the DNA
binding bHLH domain and either the Orange or the C-
terminal region. In addition, we found that XHRT1 can
either homodimerize or heterodimerize with Xhairy1 and
Xhairy2b, whose expression overlaps with that of XHRT1
in midline cells. We also demonstrate that XHRT1
dimerization properties are dependent not only on the
bHLH domain, but also on the Orange domain and
downstream sequences, and that those downstream sequen-
ces play an essential role in the selection of the bHLH
partners.Fig. 1. Comparison of the expression of XHRT1 and N-tubulin in neurula
stage embryos and repression of XHRT1 expression by X-Ngnr-1. (A, B)
Cross-sections in the posterior region of stage 17 embryos, XHRT1 stained
(A) or XHRT1/N-tubulin double stained (B), showing that the expression of
the two genes is exclusive. (C) Cross-section of a stage 16 embryo injected
with X-ngnr-1 and stained with N-tubulin showing ectopic N-tubulin
staining in the neural midline. (D) A X-ngnr-1 misexpressing embryo
injected into the dorsal medial animal blastomeres at the 16-cell stage and a
control embryo stained at stage 15 showing inhibition of XHRT1 expression
in the injected area (15/17 embryos).Results
XHRT1 is expressed in the N-tubulin-negative area that
separates the early motor neurons and its misexpression in
the neural plate inhibits primary neurogenesis
In the developing mouse brain, both HRT1 and HRT2
have been shown to inhibit neurogenesis and promote
generation of late-born cell types (Sakamoto et al., 2003).
However, in the retina, only HRT2, but not HRT1 and
HRT3, inhibits rod genesis and promotes gliogenesis (Satow
et al., 2001). To address the question whether XHRT1 might
play a role in the inhibition of neurogenesis in the floor
plate, we first compared the expression of XHRT1 to that of
the neuronal marker N-tubulin by double in situ hybridi-
zation in neurula embryos. Transverse sections of thosedouble-stained embryos showed that the expression of
XHRT1 fills exactly the gap in between the two rows of
motor neurons (Figs. 1A, B). We next asked whether
Xenopus floor plate cells can respond to ectopic expression
of the proneural X-ngnr-1 gene within the floor plate. Two-
cell stage embryos were injected with capped mRNA
encoding X-ngnr-1 into the animal hemisphere and close
to the cleavage plane to direct the material to the future
dorsal midline. Injected embryos were analyzed by in situ
hybridization at neurula stage. N-tubulin expression in those
injected embryos was strongly upregulated in the neurecto-
dermal layer overlying the notochord and containing the
prospective floor plate cells (Fig. 1C). The expression of
XHRT1 was in contrast blocked (Fig. 1D). Thus, although
they do not generate neurons, Xenopus floor plate cells are
competent to do so. XHRT1 is expressed in the ventral
neural tube in the N-tubulin-negative area and forced
neurogenesis inhibits its expression.
As XHRT1 belongs to the bHLH-O family of tran-
scription factors that orient cell fate decision during
development and as its expression domain corresponds
exactly to the region of the medial neural plate that remains
neuron-free, we asked whether XHRT1 may contribute to
the local suppression of neurogenesis. We first tested the
effect of XHRT1 overexpression on whole embryos.
Embryos injected at the 4-cell stage with 250 pg per
blastomere of XHRT1 mRNA developed normally until the
early gastrula stage but then failed to complete gastrulation
(Figs. 2A, B). Whole-mount in situ analysis revealed that
XHRT1 strongly inhibits the expression of notochordal
markers, the secreted polypeptide chordin and the tran-
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in XHRT1-injected embryos the expression of the Xnot1
gene which is expressed in the notochord, the archenteron
roof and in the overlying ectoderm that will become the
floor plate (Von Dassow et al., 1993). While XHRT1
inhibits the mesodermal expression of Xnot, it does not
downregulate Xnot expression in the ectoderm (Figs. 2G–I).
In many XHRT1-injected embryos, an increase of Xnot
expression within the ectoderm layer was even observed
(Fig. 2J). Repression of mesodermal gene expression is not
a general property of members of the bHLH-O family. In
contrast to XHRT1, misexpression of ESR9, for example,
upregulates chordin expression (Fig. 2K). Notch signaling
has been shown to be involved in the specification of dorsal
midline cell-fates in Xenopus, favoring floor plate develop-
ment and inhibiting notochord differentiation (Lopez et al.,
2003). Our result thus raise the possibility that XHRT1 or an
earlier expressed closely related factor may function at early
gastrula stage as a nuclear effector of Notch signaling in
midline cell specification.
To avoid gastrulation defects and analyze the function
of XHRT1 in neural development at later stage, we injected
XHRT1 mRNA in animal cells of 16- to 32-cell stage
embryos and tested the effect of XHRT1 on the formation
of primary neurons, as revealed by the expression of N-
tubulin. As shown in Fig. 2L, ectopic expression of
XHRT1 suppresses N-tubulin expression within the neural
plate. Similar results were obtained with the X-MyT1 zinc
finger gene which is expressed earlier in postmitotic
neurons (Bellefroid et al., 1996) and the X-ngnr-1
proneural gene which marks neuronal progenitor cells
(Ma et al., 1996) (Figs. 2M, N). To confirm the activity of
XHRT1 during neurulation, we constructed a glucocorti-
coid-inducible XHRT1 by inserting the ligand-binding
domain of the human glucocortocid receptor (hGR) into
the XHRT1 coding region (XHRT1-MT-hGR) (Gammil
and Sive, 1997). We first asked whether the fusion protein
elicited in whole embryos were hormone-dependent
inhibition of N-tubulin expression. Embryos were injected
unilaterally at the two-cell stage with XHRT1-MT-hGRFig. 2. Effects of XHRT1 over-expression on whole embryos and on the expression
Embryos at neurula or tailbud stage are viewed with the anterior end towards the rig
at gastrula stage are all viewed from the vegetal pole with dorsal side up. The inject
Gastrulation defects in embryos injected at the 4-cell stage with XHRT1 mRNA in
embryos). (C–J, L–N) In situ hybridization for the indicated genes of control embry
11.5 (for expression of chordin, Xbra and Xnot) or stage 16 (for N-tubulin, X-My
embryos) and Xnot (10/30 embryos) mesodermal expression in gastrula embryos
tubulin (13/13 embryos), X-MyT1 (16/16 embryos) and X-ngnr-1 (23/23 embryos
showing that Xnot transcript are found in the three dorsal midline layer (I) Sagittal
Xnot showing that its expression is repressed in the mesoderm and is not affecte
expansion of Xnot expression in the ectodermal layer on the injected side (24/31
mRNA injected embryo allowed to develop until stage 10.5. Note the upregulation
the indicated genes of embryos injected with XHRT1-MT-hGR, hGR-ESR9 or hGR
with or without dexamethasone beginning at the end of gastrulation and fixed at ne
F-spondin). Whereas hGR-ESR9 and hGR-ESR10 strongly inhibited N-tubulin e
moderately inhibited its expression (30/32 embryos). XHRT1-MT-hGR also inhib
marker Sox2 (0/13 embryos) and the floor plate markers Kielin (20/20 embryos)mRNA mixed with LacZ mRNA as a lineage tracer,
dexamethasone (dex) was added at late gastrula stage
(stage 12) and N-tubulin expression was assayed by in situ
hybridization at neurula stage (stage 15). Without dex, no
inhibition of N-tubulin expression was observed. However,
after dex treatment, we observed that N-tubulin expression
was decreased on the injected side (Figs. 2O, P). We next
compared XHRT1-MT-hGR-repressive activity to that of
two other bHLH-O factors, ESR9 and ESR10 (Li et al.,
2003). hGR-ESR9 and hGR-ESR10 overexpression also
inhibited in a hormone-dependent manner neurogenesis.
The repression observed with hGR-ESR9-MT- or hGR-
MT-ESR10 was however always stronger than that
obtained with XHRT1-MT-hGR (Figs. 2Q, R), suggesting
that additional factors may be required for XHRT1 to
efficiently block neurogenesis.
It was recently shown that XHRT1 function in the
regulation of the cell cycle and induces apoptosis (Huang
et al., 2004). The downregulation of chordin and Xbra
expression and the inhibition neurogenesis by XHRT1 raises
thus the possibility that XHRT1 is a rather general inhibitor
of cell differentiation. To investigate this possibility, we
tested by in situ hybridization the effects of XHRT1-MT-
hGR on the expression of the ectodermal marker epidermal
keratin, the pan-neural marker Sox2 (Kishi et al., 2000) and
the floor plate markers Kielin (Matsui et al., 2000) and F-
spondin (Ruiz I Altaba et al., 1993). XHRT1-MT-hGR
proved to downregulate the expression of epidermal keratin,
but did not affect the expression of the other markers (Figs.
2S–X). Thus, the effects of XHRT1 on neurogenesis appear
specific.
Finally, to block the function of XHRT1 in the
developing floor plate, we injected into dorsal medial
animal blastomere at the 16-cell stage XHRT1 antisense
morpholino oligonucleotides (Heasman, 2002). The mor-
pholino used targeted the 5V end of XHRT1 mRNA and
specifically blocked its translation both in vitro in a
reticulocyte translation system and in vivo. Injection of this
antisense morpholino however did not result in ectopic
neurogenesis in the floor plate (data not shown), indicatingof marker genes expressed during gastrulation and neuronal differentiation.
ht and with the dorsal side up, except panels S and T (lateral views). Embryos
ed side is marked by blue or red staining for nuclear LacZ expression. (A, B)
all blastomeres and allowed to develop until tailbud stage (stage 25) (30/30
os or XHRT1 and LacZ mRNA-injected embryos allowed to develop to stage
T1 and X-Ngnr-1). XHRT1 blocks chordin (21/21 embryos), Xbra (27/29
and inhibits in neurula embryos the expression of the neuronal markers N-
). (H) Sagittal section of a stage 11.5 uninjected embryos stained with Xnot
section of a XHRT1 mRNA injected embryo at the same stage stained with
d in the ectodermal layer. (J) A XHRT1 mRNA injected embryo with an
embryos). (K) Whole-mount in situ analysis of ESR9 expression in XHRT1
of ESR9 in the injected area (33/33 embryos). (O–X) In situ hybridization for
-ESR10 along with LacZ mRNA as lineage tracer. Embryos were incubated
urula stage (for N-tubulin, Ep. keratin, Sox2) or tailbud stage (for Kielin and
xpression (22/23 and 13/13 embryos, respectively), XHRT1-MT-hGR only
ited Ep. keratin expression (31/40). There was no effect on the pan-neural
and F-spondin (11/11 embryos)(arrowheads).
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inhibition of neurogenesis in floor plate cells. Taken
together, these results indicate that XHRT1 acts as a
suppressor of neurogenesis by antagonizing proneural gene
function and that it may thus contribute to the acquisition or
maintenance of floor plate cell identity.
XHRT1 functions as a DNA binding repressor and the
Orange domain and C-terminal region are important for its
activity
As mentioned above, the C-terminal WRPW motif of
the Hairy and E(spl) proteins recruits the TLE/groucho
corepressor and is required for transcription repression. On
the other hand, HRT family members lack the canonical
WRPW motif and, in the case of HRT2, the repression
activity resides in the bHLH domain that can recruit the
corepressor components mSin3A and N-CoR (Iso et al.,
2001a,b; Takata and Ishikawa, 2003). As XHRT1 could
not interact with groucho (Pichon et al., unpublished data),
we generated a series of XHRT1 mutants to identify the
domains of the protein required for its repressor activity
(Fig. 3A). Those mutants were tested for their ability to
affect chordin and N-tubulin expression when misex-Fig. 3. XHRT1 functions as a DNA-binding repressor and its Orange domain and
tested in Xenopus embryos for their effect on chordin and N-tubulin expression. Th
of embryos examined is indicated. (B–D) Coexpression of XHRT1, but not XH
expression. b, basic domain; DBM, DNA Binding Mutated domain; H, bHLH do
non-defined; O, Orange domain; T, TEIGAF sequence; Y, YRPW sequence.pressed in the embryo. Deletion of the C-terminal TEIGAF
motif which is conserved in all HRT members (Leimeister
et al., 1999), either alone or together with the tetrapeptide
(YRPW) motif related to the groucho/TLE interacting
WRPW motif of Hairy and E(spl) (Chen and Courey,
2000; Paroush et al., 1994) (XHRT1 HOIY, XHRT1 HOI,
XHRT1 DY), had no effect on XHRT1 activity. A mutant
encoding a C-terminal truncation removing all the sequen-
ces downstream of the Orange domain (XHRT1 HO) is
also fully functional. However, further deletion of the
Orange domain, in the presence or absence of the YRPW
TEIGAF carboxy-terminal amino acids (XHRT1 H and
XHRT1 DOI), completely inhibits XHRT1 repressor
activity. On the other hand, mutants lacking the Orange
domain but containing the region connecting the Orange
domain to the YRPW motif (XHRT1 DO and XHRT1
DOYT) still repress neuronal differentiation. Mutants
lacking the HLH domain (XHRT1 DH) or harboring a
mutated basic region (XHRT1 DBM) (an NLS region was
added at the N-terminus in this case to allow nuclear
import of the mutated protein) were also generated. These
mutants were unable to repress N-tubulin expression.
Identical results have been obtained when those mutants
were tested in cell culture in transient transfection assaysC-terminal region are important for its activity. (A) XHRT1 mutants were
e number and frequency of embryos showing repression on the total number
RT1 DBM, efficiently inhibits X-ngnr-1-mediated activation of N-tubulin
main; I, sequence between the bHLH domain and the Orange domain; nd,
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merized XHRT1 binding sites (Pichon et al., unpublished
data).
Notch signaling not only inhibits the normal N-tubulin
expression but also the ability of proneural factors to
promote the formation of ectopic N-tubulin-positive cells
in ectoderm at neural plate stages (Chitnis and Kintner,
1996; Ma et al., 1996; Schneider et al., 2001). To determine
whether XHRT1 can inhibit positive bHLH factors post-
transcriptionally, embryos were injected with mRNA
encoding X-ngnr-1 with or without XHRT1 mRNA and
stained at neurula stage with N-tubulin. As shown in Fig. 3,
XHRT1 could inhibit the ability of X-ngnr-1 to promote
ectopic neurons (Fig. 3C), while XHRT1 DBM did not (Fig.
3D).Together, these results indicate that DNA binding is
required for XHRT1-mediated repression of neurogenesis,
and that amino acids 114 to 283 containing the Orange
domain and the C-terminal region are important for this
activity. XHRT1 thus represses neurogenesis through a
mechanism that appears to be distinct from that described
for Hairy and E(spl) proteins, as well as from that of other
members of the HRT subfamily.
XHRT1 repression activity resides outside the bHLH domain
A study using HRT2 deletion mutants fused to the Gal4-
DNA binding domain had revealed that its repression activity
resides primarily in the bHLH domain (Iso et al., 2001a,b). To
map the repression domain of XHRT1, regions of the XHRT1
protein were fused to the Gal4 DBD (Fig. 4A). As expected,
transient transfection in HeLa cells of a plasmid driving the
expression of full-length XHRT1 fused to GAL4 DBD
together with a UAS-tk-luc reporter gene repressed luciferase
activity (approximately 70%). Under the conditions of
transfection used, no repression was observed using a tk-
luc reporter plasmid that does not contain UAS-binding sites
(data not shown). Deletion of sequences downstream of the
bHLH domain (XHRT1 H) resulted in an almost complete
loss of the repression activity. In contrast, a deletion mutant inFig. 4. Mapping of the repression domain of XHRT1. HeLa cells were transfec
expression vectors. The sequences downstream of the bHLH domain, but not the bH
GAL4 antibodies of the proteins expressed in parallel in Hela cells is shown to ver
protein expressed at the lowest level is indicated by an arrowhead. H, bHLH do
Orange domain; T, TEIGAF sequence; Y, YRPW sequence.which the N-terminal part containing the bHLH domain has
been removed (XHRT1 OIYT), which is expressed at much
lower level than the XHRT1 H mutant, retained some
repression activity. Further deletion of the 10 carboxy-
terminal amino acids containing the YRPW motif had no
significant effect on the activity of the XHRT1 OIYT mutant,
further confirming that the engagement of the TLE/Groucho
is unlikely to be a critical component for repression by HRTs.
We also tested GAL4 DBD-XHRT1 fusions containing only
the Orange domain (GAL4 XHRT1 O) that had been reported
previously to contribute to repression (Castella et al., 2000),
or only the sequences connecting the Orange domain to the
YRPW motif (GAL4 XHRT1 I). GAL4 XHRT1 O had
weaker repression activity than XHRT1 I. Together, these
results indicate that XHRT1 repressor activity resides down-
stream of the bHLH domain, but that the Orange domain
behaves as a weak portable repression domain and provide
further evidences that different members of the same
subfamily of bHLH-O proteins use distinct mechanisms for
transcriptional repression.
XHRT1 can homodimerize and heterodimerize with Xhairy1
and Xhairy2b whose expression overlap with that of XHRT1
in the neural midline
In yeast two hybrid and pull-down assays, HRT1 forms
homodimers as well as heterodimers with chicken c-hairy1
(Leimeister et al., 2000). The closely related HRT2 protein
also interacts with HES1 (Iso et al., 2001). In addition,
HRT1 has also been reported to dimerize with HAND
bHLH factors that are coexpressed with HRT1 in the
developing heart (Firulli et al., 2000), and to bind to and
form inactive heterodimers with MyoD and the aryl hydro-
carbon receptor nuclear translocator (ARNT) (Chin et al.,
2000; Sun et al., 2001). In a yeast two-hybrid screening, we
recently isolated Xhairy1 (the frog ortholog of mouse
HES1) (Umbhauer et al., 2001) and Xhairy2b (the frog
ortholog of c-hairy1 in chicken) (Tsuji et al., 2003) as
XHRT1 partners (Van Wayenbergh et al., 2003).ted with a UAS-tk-luc reporter construct and the indicated GAL4 fusion
LH domain itself, have significant repression activity. AWestern blot using
ify protein levels. The position of the XHRT1 full-length fusion which is the
main; I, sequence between the bHLH domain and the Orange domain; O,
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and form heterodimers in vivo with Xhairy1 and Xhairy2b,
we tested the binding of XHRT1 to these proteins in embryo
immunoprecipitation experiments using tagged proteins. As
shown in Fig. 5A, XHRT1 binds strongly to both Xhairy1
and Xhairy2b, as well as to itself. In gel mobility, shift
assays using double-stranded oligonucleotides containing
the bggCACGTGccQ class B E box defined as the highest
XHRT1 affinity site (Pichon et al., unpublished data),
XHRT1 homodimers were found to bind to DNA. Interest-
ingly, the binding activity of the XHRT1 homodimers
observed was always much weaker than that of the XHRT1-
Xhairy1 and XHRT1-Xhairy2b heterodimers (Fig. 5B). In
an attempt to further analyze the relevance of XHRT1-
Xhairy heterodimerization, we also constructed a Xhairy2b-
MT-hGR fusion. When this construct was overexpressed in
the embryo, it efficiently inhibited in a hormone-dependent
manner neurogenesis, confirming previous results obtained
using a non-inducible Xhairy2b construct (Andreazzoli et al.,
2003). When both XHRT1-MT-hGR (250 pg) and Xhairy2b-
MT-hGR (250 pg) are coexpressed in the embryo, the degree
of repression of N-tubulin expression by XHRT1-MT-hGR-
Xhairy2b-MT-hGR heterodimers was always similar to that
by Xhairy2b-MT-hGR (500 pg) alone and stronger than that
by XHRT1-MT-hGR (500 pg) alone. Similar results were
obtained in transfected HeLa cells using a luciferase reporter
plasmid containing a multimerized XHRT1 high-affinity
binding site (data not show). This increased repression
activity is likely to be derived from the XHRT1-Xhairy
heterodimers, since it is the predominant DNA-binding
species observed when both proteins are coexpressed (Fig.
5B). These results thus confirm previous results showingFig. 5. XHRT1 efficiently homodimerizes and heterodimerizes with Xhairy1 and X
dimerization properties analyzed by immunoprecipitation. Embryos were injected w
cell lysate were analyzed using anti-myc or anti-Flag antibodies as indicated. H an
Flag antibody in this and subsequent figures. (B) XHRT1 dimerization properties i
using the indicated proteins produced by in vitro-translation. Equal amount of p
presence of [35S] methionin. The proteins were incubated in the presence of the E b
XHRT1 optimal binding site (Pichon et al., unpublished). The positions of the ban
indicated. Note that XHRT1 binds with very low efficiency to DNA as a homodthat HRTs interact with hairy proteins and suggest that
XHRT1 heterodimerization with Xhairy1 or Xhairy2b may
be of functional significance.
To determine the range of XHRT1 dimerization partners,
we also examined whether XHRT1 can form heterodimers
with other bHLH proteins. We tested ESR8, ESR9, ESR10
and Hes6r which are representative members of the bHLH-
O family that are all expressed in the domains of the neural
plate where neurogenesis occurs (Gawantka et al., 1998;
Koyano-Nakagawa et al., 2000; Li et al., 2003; Sflter et al.,
unpublished data), as well as X-ngnr-1, XneuroD and Xath3
which are positive-acting bHLH factors that promote
neurogenesis (Lee et al., 1995; Ma et al., 1996; Perron et
al., 1999; Takebayashi et al., 1997). We observed that
XHRT1 weakly interacts with XHes2, a recently identified
bHLH-O protein most closely related to human Hes2
strongly expressed during early embryogenesis in the retina
and otic vesicles (M. Sflter, unpublished data), and that it
does not interact with the other bHLH-O proteins tested.
Weak binding was also observed with Xath3 and XneuroD.
No interaction was detected with X-ngnr-1 (Fig. 5A). Thus,
XHRT1 can physically interact with some proneural factors
and has a restricted choice of bHLH-O partners.
HRT1 (c-Hey1) and hairy2b (c-hairy1) are known to be
coexpressed in the chicken presomitic mesoderm (Leimeis-
ter et al., 2000). While Xhairy2b has been recently reported
to be also expressed in the neural tube floor plate (Tsuji
et al., 2003), Xhairy1 expression in the neural midline has
not yet been investigated. Therefore, we compared their
expression to that of XHRT1 in the midline of gastrula and
neurula stage embryos by whole-mount in situ hybridi-
zation. As shown in Figs. 6A–L, Xhairy2b is expressed inhairy2b and weakly interacts with XHes2, XneuroD and Xath3. (A) XHRT1
ith mRNAs encoding the indicated tagged proteins. Immunoprecipitate and
d L, position of the heavy and light chains, respectively, of the a-myc or a-
n the presence of DNA analyzed by gel-shift assays. EMSAwas carried out
roteins were used based on in parallel vitro translations performed in the
ox containing sequence ggCACGTGcc defined by selex experiments as the
ds representing XHRT1, Xhairy1 and Xhairy2b homo- and heterodimers are
imer but strongly as heterodimers with Xhairy1 or Xhairy2b.
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while XHRT1 expression could not be detected before mid-
gastrula. From early neurula stage, the expression of the two
genes in the midline appears to overlap extensively. BothXHRT1 and Xhairy2b transcripts are initially detected in the
sensorial layer of the prospective floor plate and are
expressed at the highest level at the border of the floor
plate, the expression of Xhairy2b extending however further
anteriorly than XHRT1. Both genes are still expressed in the
floor plate region at tadpole stage (data not shown). Weak
Xhairy1 expression could also be detected in midline neural
cells but only starting from late neurula stage. In contrast to
XHRT1 staining, which could be observed at that stage in
both layers of the midline neurectoderm, Xhairy1 is
restricted to the superficial layer of the midline neurecto-
derm (Figs. 6M, N). Thus, hairy proteins, in particular
Xhairy2b, may be relevant XHRT1 partners in the floor
plate of the neural tube.
XHRT1 homo- and heterodimerizes with hairy proteins
through the bHLH domain and downstream sequences
bHLH factors are thought to dimerize through their
bHLH domain. However, it has been recently reported that
the Orange domain of HRT1 in chicken significantly
improves the interaction with c-hairy1 in a yeast two-hybrid
assay (Leimeister et al., 2000). However, it is not clear
whether this enhanced interaction may reflect a role of the
Orange domain in dimerization, or whether it arises from an
indirect effect of the Orange domain, such as protein
stabilization (Davis and Turner, 2001; Leimeister et al.,
2000).
To identify the domains of XHRT1 required for
dimerization, we first utilized a yeast two-hybrid approach.
In yeast two-hybrid assays under high stringency condi-
tions, only the full-length XHRT1 protein and the mutant
containing the bHLH and the Orange domain (XHRT1 HO)
could efficiently interact with XHRT1 and the hairy proteins
(Fig. 7A, lower panel and data not shown). Under reduced
stringency, we found however that the mutants lacking the
bHLH domain (XHRT1 DH) or the Orange domain
(XHRT1 DO) could also form heterodimers with the hairy
proteins (Fig. 7A, upper panels), suggesting that the
sequences downstream of the bHLH domain alone or the
bHLH domain together with the intermediate region are
sufficient for low affinity interaction with hairys. To confirm
those results in Xenopus, we performed immunoprecipita-
tion assays. Flag-tagged Xhairy2b or Xath3 were expressed
in embryos together with myc-tagged XHRT1 full-length orFig. 6. Comparison of the expression of XHRT1, Xhairy1 and Xhairy2b in
the midline of early Xenopus embryos. Embryos were analyzed by whole-
mount in situ hybridization with probes for XHRT1 (A, C, E, G, I, K),
Xhairy2b (B, D, F, H, J, L) and Xhairy1 (M, N). Stages of development are
indicated on the left for each line of embryos. (A, B) Vegetal view with
dorsal up, (C–F, I, J, M) dorsal view with anterior right, (G, H, K, L, N)
transverse vibratome sections. Xhairy2b is activated earlier than XHRT1 in
the developing floor plate and their expression overlaps extensively.
Xhairy1 is weakly expressed in the neural midline. It is only detected
starting from late neurula stage in the superficial layer of the prospective
floor plate cells.
Fig. 7. XHRT1 homodimerizes and heterodimerizes with Xhairy1 and Xhairy2b through the bHLH and downstream sequences. (A) Yeast two-hybrid growth
assays of the various bait and prey plasmids as indicated plated onto plates lacking Leu, Trp and His in the presence of 1 mM (low stringency) or 25 mM 3AT
(high stringency). (B) Immunoprecipitation assays to detect the interaction between various myc-tagged XHRT1 deletion mutants and Flag-tagged Xhairy2b or
Xath3. (C) EMSA carried out using the indicated in vitro-translated XHRT1 proteins, cotranslated or not with Xhairy1 and incubated with a labeled
oligonucleotide containing the ggCACGCGgg E box sequence (Pichon et al., unpublished).
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immunoprecipitated using the anti-FLAG monoclonal anti-
body and analyzed by Western blotting. Under the
conditions used, the anti-FLAG antibody coimmunopreci-
pitated Xhairy2b and Xath3 with XHRT1 fragments
containing both the bHLH and the Orange domain (XHRT1
and XHRT1 HO), but not fragments with the Orange
domain deleted (XHRT1 DO) or fragments containing only
the bHLH or the Orange domain (XHRT1 H and XHRT1 O)
(Fig. 7B and data not shown). To investigate the formation
of XHRT1-Xhairy heterodimeric complexes on DNA, we
next performed band shift experiments using an in vitro
translated XHRT1 fragments and a XHRT1 high affinity
binding site probe (Pichon et al., unpublished data). When
XHRT1 fragments containing both the bHLH and the
Orange domain (XHRT1, XHRT1 HO and HOI) areincubated with the probe, a single specific band with a
mobility related to the size of the corresponding protein was
observed. No retarded bands were observed with a fragment
containing a deletion of the Orange domain (XHRT1
DOYT) or with a fragment containing only the bHLH
domain (XHRT1 H) (Fig. 7C, left panel). When XHRT1
fragments and Xhairy proteins are simultaneously incubated
with the probe, retarded bands with intermediate mobilities
with respect to the homodimers that represent XHRT1-
Xhairy heterodimers also appeared only with XHRT1
fragments containing both the bHLH and the Orange
domain (Fig 7C, right panel). Together, these results thus
indicate that the Orange domain, but also to a lesser extend
the sequence downstream of it, forms an extended dimeri-
zation interface that is crucial for stable interaction with the
hairy proteins.
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ESR9 with Xhairy1 map to the C-terminal region
In immunoprecipitation experiments, we found that
another bHLH-O protein, ESR9 (Gawantka et al., 1998;Fig. 8. Differences in the dimerization properties of XHRT1 and ESR9 with Xh
analyzed by coimmunoprecipitation assays. ESR9 interacts with the proneural fact
proteins tested. (B) Schematic representation of the chimeric proteins that were ma
needed to interact with Xhairy1. The wild type XHRT1 and ESR9 are shown for co
myc tagged XHRT1/ESR9 chimeric proteins to interact with Flag-tagged Xhairy1Li et al., 2003), was not able to form homodimers and
does not heterodimerize with the hairy proteins and the
other bHLH-O proteins tested. However, ESR9, could bind
to the different bHLH activators tested, X-ngnr-1, Xath3
and XneuroD (Fig. 8A). Thus, ESR9 has a restrictedairy1 maps to the C-terminal region. (A) Dimerization properties of ESR9
ors X-ngnr-1, Xath3 and XneuroD but does not dimerize with the bHLH-O
de between XHRT1 and ESR9 to determine which portions of XHRT1 were
mparison. (C) Coimmunoprecipitation to analyze the ability of the indicated
or Xhairy2b.
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XHRT1.
To map the domains of XHRT1 that provide specificity
of dimerization, we made hybrids of the XHRT1 and ESR9
proteins, first swapping the sequences downstream of their
bHLH domain (Fig. 8B). FLAG-tagged Xhairy1 or
Xhairy2b were expressed in embryos together with myc-
tagged ESR9, XHRT1 or ESR9/XHRT1 hybrids. As shown
in Fig. 8C, only the hybrid with the downstream sequences
of XHRT1 (ESR9/XHRT1 OIYT) could heterodimerize
with Xhairy1 and none of them were able to coimmuno-
precipitate Xhairy2b. Thus, sequences downstream of the
bHLH domain are responsible for the interaction with
Xhairy1 while both the bHLH and the downstream
sequences are necessary for the dimerization with
Xhairy2b.
Next, we generated XHRT1/ESR9 Orange domain or C-
terminal domain swaps. As shown in Fig. 8D, a XHRT1
mutant containing the Orange domain of ESR9 (XHRT1/
ESR9 O) still interacts with Xhairy1, although less
efficiently than the wild type protein. Among the ESR9
mutants tested, only the one containing the C-terminal
region of XHRT1 (ESR9/XHRT1 IYT) could interact with
Xhairy1. Taken together, these results indicate that both the
bHLH and the Orange domains are important for the
efficiency of the interaction between XHRT1 and Xhairy
proteins. Although not sufficient by itself to mediate
efficient interaction (see Fig. 7A, lane XHRT1 IYT), the
sequences downstream of the Orange domain also plays a
role in dimerization and in the context of the full-length
protein appears to contribute significantly to the selection of
the dimerization partners.Discussion
HRT1 has been reported to be expressed within the
developing neural tube of mouse and Xenopus embryos in
floor plate precursor cells and to be a target of the Notch
pathway (Iso et al., 2001a; Leimeister et al., 1999, 2000;
Nakagawa et al., 1999, 2000; Pichon et al., 2002; Rones et
al., 2002; Taylor et al., 2002). Like most other bHLH-O
proteins, it encodes a transcriptional repressor (Chin et al.,
2000; Henderson et al., 2001; Sun et al., 2001). However,
its function in floor plate precursor cells and the
mechanisms that XHRT1 uses in neural precursor cells
to repress gene expression have not been investigated. Our
results show that XHRT1 inhibits differentiation of neural
precursor cells and that it functions as a DNA-binding
repressor using mechanisms of transcriptional repression
that are different from those of other HRT members (Iso
et al., 2001a,b; Takata and Ishikawa, 2003). Work
described here also demonstrates that, as previously
suggested (Leimeister et al., 2000), the Orange domain,
but also the C-terminal region of XHRT1, plays an
essential role in its dimerization properties.XHRT1 functions as a DNA-binding transcriptional
repressor
Members of the bHLH-O proteins family are known to
function as repressors by making use of two different
mechanisms. The first mechanism is DNA-binding-depen-
dent transcriptional repression, also known as active
repression. Members of the hairy and E(spl) subfamilies
recruit the TLE/Groucho corepressor via their C-terminal
WRPW motif, while HRT2, which lacks this motif, is
known to recruit corepressor complexes including N-CoR,
mSin3A and HDAC1 or the NAD+-dependent histone
deacetylase Sir2 via its bHLH domain (Iso et al., 2001b,
2003; Takata and Ishikawa, 2003). The second mechanism
is passive repression, involving protein sequestration. HRT1
has been shown to form a non-functional heterodimer with
MyoD, thereby inhibiting the binding of the MyoD-E47
heterodimers to the E-box-binding site (Sun et al., 2001). In
our assays, XHRT1 appears to function only as a DNA-
binding transcriptional repressor, as the protein with a
mutated basic region does not have repression activity and is
not able to inhibit the ability of proneural genes to induce
ectopic neurogenesis. The sequences downstream of the
bHLH domain, but not the bHLH domain of XHRT1 itself,
show intrinsic repressor activity as shown by GAL4 fusion
assays suggesting that HRT members may use distinct
mechanisms of transcriptional repression. The GAL4 fusion
containing sequences downstream of the Orange domain
appears to be most effective in repression. This region
appears also to be important for other bHLH-O proteins. In
zebrafish, the Her4 protein loses its effect on neuronal
development when the Orange domain-WRPW interval is
deleted (Takke and Campos-Ortega, 1999). In Drosophila, a
mutant of the E(spl) protein with deletion in this region acts
as a dominant negative variant (Giebel and Campos-Ortega,
1997). It will be interesting to know if this region, which is
quite variable among members of the HRT subfamily, can
recruit corepressors.
XHRT1 dimerization properties
In general, bHLH factors form dimers through their HLH
domains (Davis and Turner, 2001). Using the yeast two-
hybrid system, it has been reported that the Orange domain
also plays a role in dimerization, as it improves the
interaction of chicken HRT1 with itself and with c-hairy1
(Leimeister et al., 2000). Our results confirm those previous
observations. They are also in agreement with the recent
report that the bHLH-O protein Helt also requires both the
bHLH and the Orange domain for dimerization. However,
Helt bHLH and Orange domains, in contrast to XHRT1,
appear to function as two independent dimerization domains
that are sufficient for high affinity binding to distinct Hairy
and E(spl) family members (Nakatani et al., 2004). Further
studies are needed to better understand the exact role of the
Orange domain in dimerization.
V. Taelman et al. / Developmental Biology 276 (2004) 47–63 59In Drosophila, swapping experiments have shown the
Orange domain of the E(spl)8 and hairy proteins to be
important for their specificity of action (Dawson et al., 1995).
In mouse HES1, the Orange domain also contributes
independently of the WRPW function to the repression
activity of the protein (Castella et al., 2000). In light of our
own and these previous results, it is tempting to speculate that
the importance of the Orange domain for the activity of these
proteins may be in fact due to its critical role in dimerization.
In yeast two-hybrid assays, a XHRT1 mutant lacking the
Orange domain heterodimerizes with the hairy proteins
more efficiently than a protein containing only the bHLH
domain. Those results thus indicate that sequences down-
stream of the Orange domain may also contribute to
dimerization. The efficiency of dimer formation of XHRT1
DO is however rather weak as it is detectable only under low
stringency conditions. This observation, together with the
fact that a XHRT1 mutant lacking the sequences down-
stream of the Orange domain (XHRT1 HO) efficiently
interacts in both immunoprecipitation, gel-shift assays,
suggests that those C-terminal sequences although contri-
buting to dimerization may however not be crucial for the
overall efficiency of the interaction.
Using chimeric proteins between XHRT1 and ESR9,
which has a much shorter C-terminal region and does not
interact with the hairy proteins, we found that, in the case of
Xhairy2b, both the bHLH and the downstream sequences of
XHRT1 are required for the interaction, suggesting that both
domains confer specificity. Conversely, we observed that a
fusion protein containing the bHLH and Orange domain of
ESR9 and only the C-terminal region of XHRT1 can form
heterodimers with Xhairy1. Together, these results thus
indicate that the sequences downstream of the Orange
domain, although not essential for the efficiency of the
interaction between bHLH-O proteins, may play an impor-
tant role in the context of the full-length protein to select the
partner.
As previously reported for HRT2 and HES1 (Iso et al.,
2001b), we observed that XHRT1-Xhairy1 and XHRT1-
Xhairy2b heterodimers bind in vitro much more efficiently
to DNA than XHRT1 homodimers. We also observed that
XHRT1-Xhairy1 and XHRT1-Xhairy2b heterodimers in the
embryo and in cultured cells also repress more efficiently
transcription than XRT1 homodimers (data not shown).
Those results, together with the extensive overlap of
expression between XHRT1 and Xhairy2b support the idea
that XRT1/Xhairy heterodimerization has physiological
relevance. In future studies, it will be important to determine
whether such interactions could generate heterodimers with
novel DNA-binding specificities or modify their ability to
recruit corepressors.
XHRT1 inhibits neurogenesis in the developing neural tube
floor plate
In contrast to the rest of the neural tube, floor plate cells
divide only slowly and generate no neurons (Ericson et al.,1997; Placzek et al., 2000). In chicken, it has been shown
recently that Notch activity is required to maintain floor
plate identity and to inhibit neurogenesis in the chick
hindbrain and spinal cord (Le Roux et al., 2003). We
found that both XHRT1 and Xhairy2b are expressed in the
developing floor plate and that misexpression of both
genes in the neural plate effectively inhibits neurogenesis.
Those results suggest that XHRT1 and Xhairy2b may play
a role as inhibitors of neurogenesis in the developing floor
plate. Blocking of XHRT1 function either alone or together
with Xhairy2b with antisense morpholino did not however
result in ectopic neurogenesis in the floor plate (data not
shown), suggesting that additional inhibitors may be
present. Further studies are still needed to establish
whether XHRT1 and Xhairy2b represent an important
contribution to the inhibition of neurogenesis during floor
plate development.
Fate mapping studies have shown that progenitor cells of
the three vertebrate embryonic midline structures, the neural
tube floor plate, the notochord and the dorsal endoderm,
originate from the same region of the embryo before
gastrulation, and that Notch signaling may play a role in
the specification of midline cells (Appel et al., 1999; Latimer
et al., 2002; Lopez et al., 2003). Our results and previous
data show that Xhairy2b expression is activated earlier than
XHRT1 and is already detected in the gastrula organizer in
prospective floor plate cells (Tsuji et al., 2003). We also
show that overexpression of XHRT1 strongly inhibits the
expression of notochordal markers and increases the
ectodermal expression of Xnot which marks the prospective
floor plate. As similar results have been obtained upon
overexpression of Xhairy2b (data not shown), it is tempting
to speculate that Xhairy2b may play a role as a mediator of
Notch signaling in floor plate cell specification.Experimental procedures
Plasmids
For transfection assays, the pGal4DBD expression
construct was done by transferring the Gal4DBD from the
yeast two-hybrid vector pPC97 (a polylinker modified form
of pPC62) (Chevray and Nathans, 1992) between the
HindIII and EcoRI sites of the pcDNA3 vector (Invitrogen).
The (UAS)5-pSV40-luc+ reporter construct was made by
cloning five repeats of the Gal4 binding site into the BglII
site of the PGL3 promoter vector (Promega). XHRT1 and
deletion mutants were subcloned by PCR into the EcoRI
and ApaI sites of pGAL4DBD.
For immunoprecipitations, Xhairy1, Xhairy2b, ESR8,
ESR9, ESR10, XHes6r, XHes2, Xath3, XneuroD, X-ngnr-1,
XHRT1 and deletion mutants with a Flag or a myc tag
sequence introduced at their amino-terminus were generated
by PCR and cloned into the pCS2 + MT or pCS2 + Flag
vectors. XHRT1 O was previously cloned into the pCS2 +
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with a myc tag at the carboxy-terminus was obtained by
cloning PCR amplified DNA into a modified pCS2 + MT in
which the XhoI site of the polylinker has been eliminated
and containing an additional XhoI site 5V to the myc tag
sequences. Chimeric XHRT1:ESR9 constructs were gener-
ated by PCR in which PCR fragments from the unrelated
sequences were combined by using complementary overlaps
created by adding 5Vsequences to the primers (see Fig. 7B
for the limits of the XHRT1 and ESR9 fragments that were
used to generate the different chimeric proteins).
For yeast two-hybrid assays, pPC97 XHRT11–294, pPC97
XHRT1 DH1–294D58–95, pPC97 XHRT1 DO 1–294D116–159,
pPC97 XHRT1 HO 36–170, pPC97 XHRT1 IYT160–294,
pPC97 Xhairy2b 1–277 and the pPC97/NTPIE 8 positive
control have been described previously (Pe´rez-Morga
and Pays, 1999; Van Wayenbergh et al., 2003). pPC97
XHRT1 H 1–114 construct was obtained by subcloning of the
XHRT1 sequences cloned into the pCS2 vector (EcoRI+fill
in/Xba I fragment into Sma I/Spe I cleaved pPC97).
pPC86XHRT11–294 was obtained by subcloning a SalI/NotI
fragment from the pPC97XHRT11–294 into SalI/NotI cleaved
pPC86. The pPC86 Hairy11 –263 and Hairy2b 1–277 plasmids
were obtained in the yeast two-hybrid screening described
previously (Van Wayenbergh et al., 2003).
For microinjections and gel shift assays using in vitro
translated proteins, XHRT1 full-length and deletion
mutants were obtained by PCR amplification and cloned
into the EcoRI and XhoI sites of the pCS2 vector (Turner
and Weintraub, 1994). The XHRT1 mutant with a mutated
basic domain (XHRT1 DBM) has been cloned in a vector
containing a nuclear localization signal sequence (pCS2
NLS). In this mutant, the sequence encoding residues 53–
57 (bEKRRRQ) was replaced by the sequence encoding the
motif bRELEEQ. The inducible ESR9 and Flag-ESR10
constructs were obtained by cloning the full-length
cDNAs into the EcoRI and XbaI sites of modified pCS2
vectors in which the ligand binding domain of the human
glucocorticoid receptor obtained by amplification was
inserted into the EcoRI and XhoI sites. The XHRT1-
MT-hGR construct was made by cloning by PCR the
ligand binding domain of the human glucocorticoid
receptor downstream of the myc-tag sequence of the
XHRT1-MT construct (see above). The Xhairy2b-MT-hGR
construct was made by PCR starting the from XHRT1-
MT-hGR vector by replacing the XHRT1 sequence by that
of Xhairy2b.
Embryos, microinjection and in situ hybridization
Xenopus embryos were obtained from adult frogs by
hormone induced egg-laying and in vitro fertilization using
standard methods (Sive et al., 2000) and staged according to
Nieuwkoop and Faber (1967). Capped mRNAs was
synthesized in vitro by using the mMessage mMachine kit
(Ambion, Austin, TX). Two hundred fifty to 500 pg of testRNAs were injected into one blastomere at the 2- to 32-cell
stage. Synthetic nuc-LacZ RNA (100 pg/blastomere) was
used as a lineage tracer. In the case of inducible constructs,
10 AM dexamethasone (Sigma) was added to the growth
medium at stage 12. Embryos were fixed in MEMFA,
stained for h-galactosidase activity with 5-bromo 4-chloro-
3-indolyl-h-galactopyranoside (X-Gal), and processed for in
situ hybridization using digoxygenin-labeled antisense RNA
probes (Sive et al., 2000). To produce the Xhairy1 and
Xhairy2b probes, the cDNAs were subcloned into pbKS.
The pbKS Xhairy1 and Xhairy2b plasmids were linearized
by SalI and transcribed with T7. Plasmids used for
generating the other in situ hybridization probes were as
described previously: Chordin (Sasai et al., 1994); Xbra
(Smith et al., 1991); Xnot (Von Dassow et al., 1993); Kielin
(Matsui et al., 2000); F-spondin (Ruiz I Altaba et al., 1993);
XHRT-1 (Pichon et al., 2002); Xngnr-1 (Ma et al., 1996); X-
MyT1, N-tubulin, Ep. Keratin and Sox2 (Bellefroid et al.,
1998). For sections, embryos after completion of the whole-
mount procedure were gelatin-embedded and vibratome-
sectioned at 30-Am thickness.
Cell transfections and luciferase assays
HeLa cells (3  105) were plated 24 h before
transfection in 35 mm diameter dishes. Five hundred
nanograms of the (UAS)5-pSV40-luc+ reporter construct
was cotransfected with 200 ng of the various expression
constructs. The pRL-TK (Promega) vector (100 ng) was
used as an internal transfection efficiency control. The total
amount of DNA was raised to 1.5 Ag per dishes by
addition of pbluescript KS+ vector (Stratagene). All
transfections were performed using FuGENE6 (Roche)
incubating the DNA 15 min before transfection with 3 Al
of fugene. The activity of the firefly and the Renilla
luciferases was dosed 48 h after transfection in a TD-20/20
luminometer (Turner Designs) using the Dual-luciferase
Reporter Assay System according to the manufacturer’s
instructions (Promega). These assays were done in
duplicate and repeated several times.
Yeast two-hybrid interaction assays
Yeast two-hybrid interaction assays were performed as
described previously using the yeast strain PJ69-4A and
PJ69-4? harboring the reporter genes His3, Ade2 and LacZ
(James et al., 1996). Proteins were expressed in yeast as
GAL4 DNA-binding domain fusions in the vector pPC97
(bbaitQ vector, Leu2 selection marker) or as GAL4 activation
domain fusion in the vector pPC86 (bpreyQ vector, Trp1
selection marker). The pPC97 and the pPC86 constructs
were introduced, respectively, in the a and a mate yeast
using lithium acetate (Becker and Lundblad, 1994).
Diploids were obtained by mating and they were first
replicated on SC-selective medium lacking Leu/trp, then
transferred on selection plates lacking Leu/Trp/His in the
V. Taelman et al. / Developmental Biology 276 (2004) 47–63 61absence or presence of 3-AT at a concentration varying from
1 to 25 mM for 7 days at 308C. LacZ expression in Leu/Trp
transformants was examined as described (Duttweiler,
1996).
Immunoprecipitation analysis
Xenopus embryos were injected (0.1 ng/embryo) in the
animal pole of each blastomere at the two-cell stage. At
blastula stage, the animal caps were dissected and cultured
until sibling embryos reached mid gastrulation. Animal
tissue from 20 embryos was homogenized in 500 Al of cold
lysis buffer (50 mM Tris–HCl at pH 7.5, 150 mM NaCl,
0.5% NP40) with protease inhibitors (Roche). Homogenates
were centrifuged at 48C to remove insoluble material. One-
tenth volume was brought to 1 Laemmli buffer and boiled.
The remaining supernatants were preabsorbed by adding
20 Al of a 50% slurry of protein A-coupled Sepharose
(Pharmacia), which was blocked previously by incubation in
lysis buffer containing 1 mg/ml BSA. Homogenates were
cleared again by centrifugation to remove the protein A-
Sepharose beads. Immunoprecipitation was performed by
adding 1 Al of an anti-Flag mouse monoclonal antibody
(M2, Sigma), rocking gently for 1 h, and then adding 20 Al
of a 50% slurry of protein A-coupled Sepharose as prepared
above. After an hour of incubation, the beads were pelleted,
washed three times with an excess of lysis buffer,
resuspended in Laemmli buffer and boiled. Proteins of the
extract and the immunoprecipitate were resolved using 10%
SDS PAGE followed by Western analysis with mouse anti-
Flag M2 (Sigma) or anti-myc (Sigma). Myc and Flag
epitopes were detected on membranes using a goat anti-
mouse IgG secondary antibody conjugated with horseradish
peroxydase, followed by detection by chemiluminescence
(ECL, Amersham).
Electrophoretic mobility shift assays
In vitro-translated proteins were prepared using the
TNT coupled transcription-translation system (Promega).
Gel mobility shift assays were carried out with an
oligonucleotide probe containing the ggCACGTGcc class
B E-box sequence defined previously by selex experi-
ments as the XHRT1 optimal binding site (Pichon et al,
unpublished data). The annealed oligonucleotides were
labeled at one end by filling in with Klenow enzyme in
the presence of [a-32P]dATP. Protein–DNA complexes
were formed by incubation of the proteins with 50,000
CPM (about 0.1 ng) of radiolabeled DNA for 20 min at
room temperature in 20 Al of binding buffer (10 mM
Tris–HCl pH 7.5, 150 mM KCl, 1 mM DTT, 10%
glycerol, 0.1% NP40, 0.2 mg/ml BSA and 0.5 Ag/ml
poly(dI-dC)). DNA–protein complexes were resolved by
electrophoresis on a 4% acrylamide gel in 0.5 TBE
buffer. The dried gel was exposed to X-ray film overnight
at 808C with an intensifying screen.Acknowledgments
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